Для дослiдження були обранi чотири типи гiдро-ксиду. Два з них були отриманi виробничим шляхом та застосовуються у електродах лужних акумуляторiв. Два iншi порошки гiдроксидiв нiкелю були синтезованi за експериментальними методами описаними в сучас-них наукових джерелах. Перший гiдроксид був синте-зований гiдролiтичним методом iз розчину, що мiстив сiль нiкелю та карбамiд. Iнший синтезований iз розчи-ну солi, що мiстив сумiш катiонiв нiкелю й алюмiнiю у спiввiдношеннi 4:1 та був осаджений при додаваннi концентрованого розчину лугу. У результатi всi обранi порошки гiдроксидiв нiкелю сильно вiдрiзнялись за фiзико-хiмiчними параметрами: структурою, фазо-вим складом, морфологiєю. Таким чином, було пока-зано, що спосiб синтезу гiдроксиду нiкелю, й в свою чергу вiдмiнностi у структурi та морфологiї, значно впливають на електрохiмiчнi та iншi фiзико-хiмiчнi властивостi порошкiв.
Introduction
Nickel hydroxide has found wide use in chemical power sources -alkaline batteries [1, 2] and asymmetric supercapacitors [3, 4] . Precipitation of nickel hydroxide with different additives is viewed as one way for the preparation of electrodes for water decomposition [5, 6] . Thin films of nickel hydroxide can be potentially applied as electrochromes in smart windows [7, 8] . Precipitation of nickel hydroxide can be realized through many methods [9] , with synthesis conditions varying significantly. Synthesis method and synthesis conditions of Ni(OH) 2 have a significant effect on its physico-chemical properties: structure, shape and particle size and composition. Listed properties become defining when choosing a synthesis method of nickel hydroxide for a specific application.
It is known that current-generating reaction (1) which occurs in nickel hydroxide is defined by the speed of proton diffusion through solid phase, Fig. 1 .
Ni(OH) 2 ↔NiOOH+H + +ē.
(
In turn, this speed depends on the proton diffusion coefficient ( + H D ) in solid phase [10, 11] . + H D -primarily depends on the synthesis method used. Also, discharge characteristics depend on another parameter -specific surface area ( sp S ). Specific surface area characterizes the real current density on a particle and partially -the length of the proton path. This value is also governed by the synthesis method, but can be altered by post-treatment methods [12] . Both these parameters directly influence the capability of Ni(OH) 2 for deep discharge and fast charge, even with high currents. As such, it is important to determine the influence of the synthesis method on physico-chemical characteristics of Ni(OH) 2 , especially on proton diffusion coefficient and specific surface area. Understanding the relation between key factors that determine the effectiveness of Ni(OH) 2 in chemical power sources and electrochromic devices would help in forming requirements for synthesis of this compound.
Literature review and problem statement
Proton diffusion coefficient can vary significantly between nickel hydroxide samples prepared with different methods. There are also a lot of contractions in data on the proton diffusion coefficient. Literature values of proton diffusion coefficient of Ni(OH) 2 vary from 10 -7 cm 2 /s [13] to 10 -12 cm 2 /s, and even up to 10 -23 cm 2 /s [14] . The difference between the minimum and maximum values is nine orders of magnitude.
In addition, the paper [15] describes the dependency of the proton diffusion coefficient on a charge of active material (θ), according to equation (2):
Equation (2) assumes that active material is a solid solution, and the member in parentheses is the shift of diffusion particles. For this equation, the values are assumed The paper [15] also describes that changes in the proton diffusion coefficient are independent of proton travel distance, i. e. location of the reaction front. A sharp decrease of the proton diffusion coefficient is explained by proton diffusion resulting from proton hoping from one oxyhydroxide site onto another. During discharge, the oxidation state decreases, resulting in less NiOOH sites, which in turn decreases the proton diffusion coefficient.
In [16] , thin films of nickel hydroxide (about 1 µm) deposited onto cathode were used for measuring proton diffusion coefficient. The obtained proton diffusion coefficient values are 4.6·10 -11 cm 2 /s on discharge and 3.1·10 -10 cm 2 /s on charge.
The paper [17] described the proton diffusion coefficient of films as 4·10 Anodically deposited films of active material with a thickness of 10 µm showed the diffusion coefficient within (5±0.6)-(10±3)·10 -12 cm 2 /s [18] . The stepwise potential change method with a potential step of 1.21 V was used in experiments.
The stepwise potential change method was also used to the measure proton diffusion coefficient of nickel hydroxide films (about 1 µm), which resulted in the value of 2-5·10 -8 cm 2 /s [15] . The difference of this work from previous [16, 17] is in a different approach for calculating the diffusion coefficient from experimental data.
It should be noted that many methods for calculating H + require the value of specific surface area of Ni(OH) 2 . In some cases, the working electrode area is used instead. This is applicable if the diffusion coefficient is calculated in a series of experiments, where electrodes of the same structure are used with roughly the same load of active material. Values of specific surface area for nickel hydroxide powders also vary over a wide range. The paper [19] lists the values of 6-150 m 2 /g (BET) for hydroxide powders synthesized via different.
For composite material containing Co-Ni(OH) 2 /carbon spheres, the value measured by the BET was 367 m 2 /g [20] . The authors found this composite to have high specific electrochemical characteristics: 959.7 F/g at a current density of 1 A/g. The paper [21] describes the specific surface area value (477.7 m 2 /g), measured by the BET, of mesoporous nickel hydroxide synthesized in the presence of a template (sodium dodecylsulfate) and urea via the hydrothermal method. Nickel oxide prepared by calcination of Ni(OH) 2 precipitate demonstrated a high capacity of about 124 F/g. In another study [22] , nickel hydroxide was synthesized in the form of nanoflowers, doped with boron, which demonstrated high characteristics. Its specific capacity was 2.296 F/g at a current density of 3 A/g.
As such, the listed values can vary over wider ranges, which indicates a significant influence of the synthesis method on these physico-chemical parameters, which in turn, influences the electrochemical activity of powders.
The aim and objectives of the study
The aim of the study is to determine the influence of the synthesis method on physico-chemical characteristics of Ni(OH) 2 powders: structure, morphology, proton diffusion coefficient and specific surface area. The latter two parameters are the most important for the electrochemical activity of nickel hydroxide powders. Synthesis methods that drastically differ from each other were chosen for this purpose.
To achieve the set aim, a few objectives must be accomplished:
-to precipitate Ni(OH) 2 powders using different methods;
-to conduct a comparative analysis of morphology and structure of prepared powders;
-to determine physico-chemical properties of powders: specific surface area and proton diffusion coefficient.
Material and method used in the study

Reagents and materials used in the experiments
Analytical grade reagents were used in the study. Samples used in the experiments: Ni(OH) 2 powder synthesized hydrolytically, nickel hydroxide co-precipitated with aluminum cations [24] , industrial powder of Czech company "Bochemie" [25] , and experimental industrial powder of Russian company "AIT" [26] , activated with carbonate-ion. Sample labels are listed in Table 1 . Table 1 Powder labels in the study Hydrolytic synthesis of Ni(OH) 2 . Ni(NO 3 ) 2 ·6H 2 O (63 g) and urea (172 g) were dissolved in 720 ml of distilled water. The solution was transferred into a round-bottom glass flask and stirred for 6 h at 90 ºС. The reaction mixture was then cooled to room temperature, the precipitate was filtered and kept in water for a day. The powder was dried at 60 ºС and ground in a ceramic mortar. The dried powder was then sifted through a 70 µm sieve. The obtained powder was used in the experiments.
Synthesis of double hydroxide with aluminum cations. The sample was synthesized according to the literature [24] . Solutions were prepared based on the composition of double hydroxide Ni 0.8 Al 0.2 (OH) 2 (CO 3 ) 0.1 ·0.66H 2 O.
Structure and morphology analysis Morphology and structure of Ni(OH) 2 powders used in the experiments were analyzed using: Scanning Electron Microscope (SEM) JEOL JSM-6510LV (Japan) and X-ray diffractometer DRON-3 (Russia). XRD patterns were recorded in Co-Kα monochromatic radiation.
Measurement of specific surface ( sp S ) Specific surface area of nickel hydroxide samples was measured using the dye absorption method [27] . Methylene Blue dye was used in the experiment. The amount of absorbed dye was measured as a change in the optical density of dye solutions with nickel hydroxide powder, Fig. 2 . Optical density was measured using a photoelectric colorimeter -PEC-M (Russia). Specific surface area of nickel hydroxide samples was calculated using the surface area that the absorbed Methylene Blue molecule occupies in vertical orientation -7.5 10 -20 m 2 (135 . 10 -20 m 2 in horizontal orientation).
Measurement of proton diffusion coefficient ( H D + ) To measure H D + , active electrode mass was prepared with different Ni(OH) 2 hydroxide powders, graphite, as a conductive additive, and polytetrafluoroethylene (PTFE) emulsion, as a binder.
Composition of active mass is listed in Table 2 .
Active mass of each sample was pasted onto electrodes, and their cyclic voltamperometry (CV) curves were recorded using the YSE-2 cell (Fig. 3 ). CV were recorded at different scan rates: 1; 2; 5; 10 mV/s, and a separate CV was recorded at 0.5 mV/s. Scan rates were recorded using the potentiostat PI-50-1.1 (Russia). Table 2 Composition of active mass Cyclic voltamperometry curves were used to determine anodic and cathodic potential peak currents; current values were plotted against the square root of scan rate. Plot angle was equal to I/ν 1/2 . This value was used in the Randles-Sevcik equation ((3), [28] ) to calculate the proton diffusion coefficient in the solid phase:
where ν -scan rate, V/s; n -number of electrons transferred (1); S -real surface area of the electrode (mass of active material multiplied by its specific surface area), cm 2 ; C -maximum concentration of proton vacancies, mole/cm 2 (0.045 mole/cm 3 ); I -peak current, А; D -diffusion coefficient, cm 2 /s.
Analysis and comparison of morphology and structure of powders studied in the experiment
XRD patterns of all samples used in the study are shown in Fig. 4 . Analysis of XRD patterns revealed that all powders significantly differ in structure. Degree of crystallinity (size of crystals with ideal structure) and polymor-phic form differ from each other. It can be said that samples "Bochemie" and "AIT" have larger crystal size and higher degree of crystallinity, with a smaller number of structural defects. The other two powders have a larger number of defects and are different polymorphs. This is evident from the first peak situated at 12-15° (Fig. 4, blue line) , which means that these powders are α-Ni(OH) 2 . Two industrial samples are β-Ni(OH) 2 .
Fig. 4. Comparison of XRD patterns of Ni(OH) 2 powders
Ni(OH) 2 : 1 -"Bochemie"; 2 -"AIT"; 3 -Ni-Al; 4 -H Fig. 5 shows SEM images of samples. Comparative analysis of sample morphology shows significant differences in the morphology of samples.
Sample "Bochemie" is composed of shard-like particles with microbumps on the surface of different shapes, Fig. 5, a, b .
At the same time, "AIT" sample has a platelet-like morphology, Fig. 5, d , e. Hydroxide platelets are chaotically oriented in different directions with frequent intergrowth of platelets.
Particles of Ni-Al samples have a rounded shape, upon closer examination the surface is almost uniform and dense. Sample H shows a significantly different morphology. The surface has a lot of branches and layers.
1. Comparative analysis of sp S and H D + values obtained for the studied powders and their electrochemical characteristics
Two sets of CV were recorded for each sample. The first CV was recorded at a minimal scan rate of 0.5 mV/s for the study of hydroxide. The second one was recorded at various scan rates. CV for all samples are shown in Fig. 6-9, a, b. a b c Fig. 6 . CV of powder "Bochemie": a -0.5 mV/s (5 cycles), b -1, 2, 5, 10 mV/s, c -dependency of peak currents on the square root of scan rate Fig. 6 shows listed dependencies for Czech powder. CV for the study of hydroxide showed the presence of one anodic and one cathodic peak. The first anodic peak is shifted significantly in comparison with the subsequent ones. Intense oxygen evolution is observed at 800-900 mV. CV recorded at different scan rates is shown in Fig. 6, b . Other powders demonstrated characteristics that significantly differ from each other. Differences were in both peak position and peak currents, Fig. 7-9 . The lowest currents in the experiment were demonstrated by powder synthesized via hydrolysis (sample Н). Sample "AIT" demonstrated the presence of two anodic peaks. It should be noted that CV of sample Ni-Al revealed high reversibility of the process (small distance between the cathodic and anodic peaks). This is the only sample for which cathodic peak position was shifted left the most. Diffusion coefficient calculated using sp S values for cathodic and anodic peaks (processes) are shown in Fig. 11 .
Analysis of these values allows concluding that found values differ significantly (by orders), which can significantly affect the usability of hydroxide for a specific purpose. It can be stated that diffusion coefficients for anodic and cathodic processes differ significantly. For sample "АІT", proton diffusion coefficient for the cathodic process is higher than that for the anodic process. For the hydrothermally prepared sample, anodic and cathodic diffusion coefficients are almost the same. For the other two samples, the anodic diffusion coefficient is higher than cathodic.
Discussion of the data obtained for the studied powders
Comparative analysis revealed significant structural and morphological differences of powders. It is obvious that the synthesis method affects the characteristics of the resulting compounds. The hydrothermal method and introduction of aluminum result in the formation of the α form of hydroxide. In turn, "classic" methods of hydroxide precipitation for alkaline batteries result in the β form of nickel hydroxide. Formation of β-Ni(OH) 2 occurs despite the presence of the carbonate ion (sample "AIT"), which should reside in the interlayer space of hydroxide. The latter should result in the formation of the α form due to the expansion of the interlayer space. However, because there are no cations to balance the excessive negative charge of the interlayer space, the precipitation process occurs differently. Precipitation in the presence of 2 3 СО − likely results in the formation of hydroxide and a portion of basic salt of 2 3 [Ni(OH)] CO type. Powder morphology allows for qualitative evaluation of possible differences in specific surface area of different powders. For instance, hydroxide that doesn't have a branching structure, like sample Ni-Al, would have a low specific surface area. Which is supported by the fact that this sample has the lowest value of specific surface area (2.52 m 2 /g). Thus, it can be said that morphology images can be used for qualitative evaluation of specific surface area. The sample prepared using the hydrothermal method (sample H) demonstrated a branched surface shape in the form of wavy intersecting planes. Obviously, such hydroxide should have a high specific surface area, which is shown by the measured value of sp S -15.44 m 2 /g. It should be noted that the morphology of this sample differs significantly from other samples. This is likely related to the synthesis method, which unique in that urea hydrolysis occurs with a uniform increase of pH across the whole volume of the solution that contains Ni 2+ . This synthesis method contrasts with others ones, in which two solutions are mixed and initial Ni(OH) 2 is formed on the contact boundary between the alkali solution, with a high concentration of OH -, and the solution with nickel ions.
As expected, electrochemical characteristics are also different. All peak currents were proportional to the square root of the scan rate. It is worth to note that this dependency is linear for all powders, which is characteristic of the processes limited by diffusion. Presented facts allow concluding that the synthesis method does not affect the nature of the limiting stage. A small deviation from linearity for the anodic process can be explained by the occurrence of side reaction of oxygen evolution, which contributes to the peak current.
The obtained values of sp S are within the range of the values obtained by the BET method, found in the literature. The BET method is considered the etalon for measuring .
sp S Nevertheless, the dye molecule is significantly larger than the nitrogen molecule and doesn't always absorb into the smallest pores of hydroxide. On the other hand, the electrochemical process is unlikely to occur in such hardly accessible places due to their high resistance. The latter is related to the small cross-section of such pores, and because the solvated molecule is larger than the nitrogen molecule. As such, the real specific surface area that is involved in the electrochemical process can be lower than that measured by the BET method. As a result, this can lead to significant errors in the calculation of diffusion coefficients, when the specific surface area is measured by absorption methods.
The obtained diffusion coefficient values are within the range of what has been found by other groups [13] [14] [15] [16] [17] [18] . It is interesting that the obtained values are different not only for different powders, but also differ depending on the synthesis method. Sample "AIT" is the only sample, which has a lower anodic diffusion coefficient than cathodic (1.41·10 -15 and 2.58·10 -15 cm 2 /s respectively). For sample Ni-Al, on the opposite -cathodic proton diffusion coefficient is lower than anodic (6·10 -15 and 9.86·10 -15 cm 2 /s respectively). For the other two samples, the difference between diffusion coefficients is less pronounced, and they fall into the range of 0.98·10 -16 -2.17·10 -16 cm 2 /s.
The highest diffusion coefficients in the solid phase are demonstrated by powder Ni-Al, which we relate to the defective structure and presence of water in the crystal lattice. It is easier for proton to travel through defective areas and areas with admixtures and water, and through areas with bound water. Possible diffusion mechanism -H + jumping from one water molecule to another.
In the end, it should be pointed out that determination of diffusion coefficients in the solid phase can help in the evaluation of hydroxide application. For instance, powders with higher diffusion coefficients but lower specific surface area are more suited for slow discharge with low currents, which is typical for batteries. In turn, powders with high specific surface areas are more suited for high rate regimes with high currents, which is more typical for electrochemical supercapacitors. As such, powders Ni-Al and "АІT" are more suited for batteries, while there is a good chance that the hydroxide "Bochemie" is applicable for supercapacitors.
Mixing of different powders is also an option, which can lead to solutions for non-trivial problems.
Conclusions
1. To solve the set problems, precipitation of Ni(OH) 2 powders was carried out using different methods: hydrothermal, using urea, and precipitation of nickel-aluminum double hydroxide from a mixed salt solution.
2. Conducted comparative analysis revealed significant differences in morphology and structure of powders: samples Ni-Al and H showed the presence of α-Ni(OH) 2 , relatively low degree of crystallinity and high number of defects. On the other hand, two industrial samples showed only the presence of β-Ni(OH) 2 , relatively high degree of crystallinity.
3. Specific surface area values of powders were determined using the dye absorption method. The values are: Ni-Al -2.525 m 2 /g "AIT" -9.925 m 2 /g "Bochemie" -11.97 m 2 /g and H -15.44 m 2 /g. For all hydroxide samples, electrochemical characteristics and H + diffusion coefficients were evaluated, which lie within 9.86·10 -15 -9.87·10 -17 cm 2 /s.
